In order to evaluate the effect of 70-80% N�O on local cerebral blood flow (I-CBF) in the rat brain, we developed a procedure for measuring CBF by an autoradiographic [14C]iodoantipyrine technique in awake, mini mally restrained animals. Results on I-CBF, as measured in 22 different struc tures, showed little variability between animals. In the majority of structures analyzed, 70-80% N�O failed to alter I-CBF. These included all cerebral corti cal and most subcortical structures. However, nitrous oxide reduced CBF in the the inferior colliculus and the superior olive, in two of the limbic structures analyzed, and in the hypothalamus. In no structure, except the striatum (p < 0.05), was a significant increase in I-CBF obtained in N�O-breathing animals.
allow studies on unanesthetized animals (Landau et aI., 1955; Reivich et aI., 1969; Sokoloff et aI., 1977; Sakurada et aI., 1978) . In such experiments, anesthesia is used in a preliminary stage for inser tion of arterial and venous catheters, but the actual measurements of l-CBF and I-CMRglu can be carried out on awake animals, partly immobilized in a plaster cast (see Sokoloff et aI., 1977; Sakurada et aI., 1978) .
Some experimental situations, particularly those requiring support of breathing, necessitate im mobilization and artificial ventilation. For this pur pose, many workers use a muscle relaxant and ven tilation with a nitrous oxide/oxygen mixture. Such preparations have been exploited both for studies of labile cerebral metabolites (e.g., Siesjo and Nilsson, 197 1; Ponten et aI., 1973) and for measurements of blood flow and metabolic rate (Norberg and Siesjb, 1974 ; see also Siesjb et aI., 1980) . The question arises whether results obtained on paralyzed animals adequately reflect blood flow and metabolism in the awake state or if conditions in immobilized animals under 70-80% N20 signifi cantly deviate from control. Summarizing informa tion obtained in man, Smith and Wollman (1972) concluded that nitrous oxide does not alter CBF and has only a moderate depressant effect on CMR02, if any. This conclusion was corroborated by a recent study on unpremedicated volunteers, anesthetized with morphine (1-3 mg kg-I) and 70% N20 (Jobes et aI., 1977) .
Results on experimental animals are somewhat contradictory. Using a venous outflow technique in the dog, two groups of workers reported that 60-70% N20 increased CMROz by 10-20%, with an even larger effect on CBF. In one of these studies, spinal anesthesia was used and the vagi and cervical sympathetic nerves sectioned (Theye and Michenfelder, 1968) . Addition of nitrous oxide in creased CMR02 by an average of 11%. The other group used unpremedicated dogs, anesthetized with 1-2% halothane, and maintained the animals on 0.2% halothane with local anesthesia (Sakabe et aI., 1978; Oshita et aI., 1979) . In the latter studies, ni trous oxide increased CMR02 by 20% and, initially, CBF rose to 200% of control.
In the rat, results are more variable. Working with paralyzed animals that were adrenalectomized (or given propranolol), locally anesthetized, and protected from external stimuli, Carlsson et al. (1976) concluded that 70% NzO did not alter CBF or CMROz. In these studies, CBF and CMR02 were measured with a modified Kety-Schmidt technique, the cerebral venous blood being sampled from the superior sagittal sinus. Hence, the results probably mainly reflect blood flow and metabolic rate in the frontal, parietal, and sensorimotor cortex. Working with a similar preparation, Ingvar et al. (1980) mea sured I-CMRglU using the deoxyglucose technique of Sokoloff et al. (1977) . In parietal and sensorimotor cortex I-CMRglu did not differ between animals maintained on 70% Nz and 70% NzO, confirming the results of Carlsson et al. (1976) . However, since nitrous oxide significantly increased l-CMRglu in several cortical and subcortical structures, the re sults were in line with those obtained on dogs (see above). Recently, Gibson and Duffy (198 1) reported No, 2, 1981 results demonstrating that 70% NzO increases cere bral cortical CBF and CMROz• In these experi ments, muscle paralysis was not used, and the animals were restrained in a "brain blower."
The present experiments were designed to allow assessment of the effect of 70-80% N20 on I-CBF in the rat brain. To that end, a procedure was worked out for measurements of I-CBF in awake animals. The design did not require immobilization of the animals and allowed easy administration of respiratory gases. Since similar autoradiographic techniques have been used for measuring l-CBF in paralyzed animals under nitrous oxide analgesia (Dahlgren et aI., 198 1) , it was possible to evaluate the effects both of nitrous oxide and of the muscle paralysis.
MA TERIALS AND METHODS

Chemicals
Heparin (Vitrum, Stockholm, Sweden) was di luted to a concentration of 300 IU ml-I by Krebs Hensleit solution.
[14C]lodoantipyrine (Radiochemi cal Center, Amersham, England) was diluted with ethanol to yield an activity of 100 jLCi ml-I. Before each experiment, 0.5 ml of this solution was evapo rated in a stream of nitrogen, and the substance was dissolved in 1.4 ml of Krebs-Hensleit solution.
[14C]Hexadecane standard was obtained from the Radiochemical Center (Amersham, England). Bu pivacaine, 2.5 mg ml-I (Marcain®, Astra, SbderUilje, Sweden) was used as the stock solution.
Animals
All experiments were performed on male Wistar rats of an SPF strain (Mq)llegaards Avlslaborato rium, Copenhagen, Denmark), weighing 325-390 g. The animals had access to tap water and food pel lets (San-bolagen, Malmo, Sweden) until prepara tion. The experiments were performed in the late afternoon to reduce ambient noise.
Operative and Sampling Techniques
Awake. Unparalyzed Animals
The animals were briefly anesthetized with 3-4% halothane in N20/02 (70:30). When unresponsive, they were given about 1% halothane in N20/02 (70:30). The base of the tail was shaved and 0.08-0. 1 ml of local anesthetic was infiltrated proximally around the tail artery and the lateral tail veins. The artery and one tail vein were exposed by small incisions (about 10 mm) and cannulated (ar tery, Porte x PP50; vein, Porte x PPIO). The cathe ters were inserted 3 -5 mm into the vessels and sub cutaneously tunneled, appearing about 1 em distal to the incisions, which were then carefully sutured. The venous catheter was used for injection of hep arin and [14C]iodoantipyrine. The arterial catheter served for continuous blood pressure recording on a Siemens-Elema Mingograph and for anaerobic sampling of blood for determination of Po2, Pco2, pH, and glucose concentration. Prior to 1-CBF measurements, the catheter was cut to a total length of 25 -47 mm for sampling of blood for the determi nation of tracer concentration. Body temperature was continuously recorded by a small thermistor (Ellab Instruments, Copenhagen, Denmark), in serted rectally into the colon descendens and fixed by a tiny suture to the tail. After the preparation was completed, the face mask was removed, and the animals were heparinized (300 IV kg-I, i. v.).
While still under anesthesia, the rat was placed in a Perspex cage ( Fig. 1) . Except for having a flat bottom, the cage was cylindrical. The diameter of the cylinder (7 em) allowed the animal to move its extremities freely but prevented him from turning. The rear end, through which the tail and the cathe ters and thermistor probe protruded, could be slid in the forward or backward direction to make the cage fit the size of the animal. Five centimeters from the frontal end, which was removable, there was a slit in the cylinder, wide enough to accommo date a guillotine axe. The ends of the cylinder were provided with openings that served as gas inlet and outlet. The slit in the cylinder, and the clearing be tween the movable parts, were closed by adhesive tape. In this way, the atmosphere was set by the composition of the gas mixture, which was flushed through the cylinder at a rate of 1.5 liters min-I. The procedure was then completed by wrapping aluminium foil around the cylinder. This served the purpose of shielding the animal from its surround ings and helped in conserving heat. A small opening in the wrapping made it possible to inspect the head of the rat. This opening, and light coming from the rear end, made the cage dimly lit.
The animals were allowed a 30 min recovery period, following the discontinuation of the halo thane/nitrous oxide supply. They were then either allowed to continue breathing room air or given 70-80% N20 in O2 for 45 min before l-CBF was measured. During that time, blood pressure and body temperature were recorded, and blood sam ples were repeatedly taken for analyses of Po2, Pco2, pH, and glucose concentration. When the nitrous oxide/oxygen mixture was delivered, the oxygen content in the cage was monitored by an oxygen analyzer (Beckman DS 2, Beckman Instru ments Ltd., Glenrothes Fife, Scotland). The animals were under constant observation, and their behavior during the last 10 min determined whether they were included in the study or not. Thus, a few animals that showed signs of excitation (forceful movements, hyperventilation with a marked de crease in Pacoz, rapid changes in blood pressure, or marked elevations in blood glucose concentration) were excluded from the material. One animal was excluded from the N20-breathing group because of a technical error (delay in decapitation), causlllg grossly abberant values.
At the end of the experimental period, I-CBF was determined according to Sakurada et al. (1978) .
[14C]Iodoantipyrine (50 fLCi) was infused over 45 sec. During the infusion, 11-14 arterial blood sam ples (40 fLl each) were collected. When the last sam ple was taken, the animal was instantaneously de capitated; the brain was then quickly removed and immersed in isopentane at a temperature of about -50°C.
Immobilized Animals
The results obtained in unparalyzed animals were compared to a recent series in which rats were maintained immobilized and artificially ventilated on 70 -80% N20 for a comparable period of time (Dahlgren et aI., 198 1) . In summary, anesthesia was induced with 3-4% halothane, maintained during operation on 1% halothane and 70% N20 in O2, im mobilized with d-tubocurarine chloride (1.5 mg kg-I), and then ventilated on 70% N20/30% O2 for 45 -60 min before I-CBF determination.
Methods and Analytical Procedures
Arterial Po2, Pco2, and pH were measured at 37°C with microelectrodes (Eschweiler and Co. , Kiel, Germany; Radiometer, Copenhagen, Den mark), and the values were corrected to body tem perature. Blood glucose concentration was esti mated reflectometrically (Ames Eyetone, Miles Laboratories, Elkhart, Indiana, USA).
The 14C activity in arterial blood was determined by liquid scintillation (LKB Wallac 12 15 Rackbeta, Turku, Finland). Counting efficiency was deter mined by addition of [14C]hexadecane as an internal standard. For measuring 14C activity in tissue, the brain was sectioned in 20 fLm slices at -20°C, picked up on cover slips, and applied to x-ray film (Kodak SB 5) together with a set of calibrated stan dards. After an exposure period of 7 days, the opti cal density was measured with a densitometer with an aperture of 1 mm 2 (Macbeth TD 50 1, Newburgh, N.Y., USA).
Calculations
Local CBF was calculated using the equation given by Sakurada et al. (1978) . Statistical signifi-J Cereb Blood Flow Metabol. Vol. I, No. 2, 1981 cance in differences was calculated using Student's {-test, taking p < 0.05 as significant.
RESULTS
The present results were obtained in animals that were breathing either air or a NzOIOz mixture for 45 min. In both groups, I-CBF was measured about 75 min after the end of the halothane-N20 anesthesia. We assume that this period is sufficient to allow elimination of anesthetic gases. This assumption is supported by the results of (separate) experiments in which behavior was observed in animals that were allowed to recover from a similar anesthetic procedure. One hour after termination of anesthesia such animals were fully awake, had normal motility, and reacted normally to sound and handling. Two of the animals subjected to air-breathing were excluded due to signs of excitation (as described above). Inhalation of the N20l02 gas mixture re duced motility. Some animals closed their eyes, but they did not show signs of falling asleep. The pat tern of respiration was changed, with a decrease in frequency and an increase in tidal volume. The pulse amplitude increased. No animal in the group breathing NzOI02 was excluded due to excitation. Table I gives the physiological parameters in the two groups of animals, as measured just prior to I-CBF determination. In rats breathing air, the pH and blood gas values were close to those considered normal (Burlington et aI., 1969; Lewis et aI., 1973) . Administration of the N20l02 mixture somewhat reduced body temperature and increased arterial Po2• However other parameters, including arterial Pco2, were unchanged. The data suggest, though, that nitrous oxide may have somewhat increased blood glucose concentration (0. 1 > P > 0.05).
With the catheter arrangements employed, a rapid increase in arterial 14C activity was noted, and the arterial curves allowed easy integration of 14C activity during the 45 sec infusion period (Fig. 2) . Local CBF values in 22 different structures are given in Table 2 . Strikingly consistent values were obtained in both groups. The results demonstrate that the addition of nitrous oxide had no significant effect on CBF in motor structures, except for the striatum, whose blood flow rate was significantly increased. Among the sensory structures, only the inferior colliculus and the superior olive showed significant changes (with a reduction in I-CBF in animals breathing N 20). Nitrous oxide reduced Values are expressed as means ± SEM. Ahhrel'iations: MABP, mean arterial blood pressure; Fi02• inspired oxygen fraction.
CBF significantly in two of four limbic structures and in the hypothalamus (by 10 -15%).
The mean Pco2 differed by 2.6 mm Hg between the groups. By conventional standards (e.g. , Nor berg and Siesj6, 1974) , this would correspond to a 10 -15% difference in CBF. However, since the difference in body temperature (0.8°C) would work in the opposite direction, we abstained from at tempting to correct for these variations. Instead, we excluded 2 animals with the lowest Paco2 values (34. 1 and 35.9 mm Hg) from the air-breathing group, and the animal with the lowest body temperature (36.6°C) from the nitrous oxide-breathing group. The resulting groups (n = 4 in each) then had similar Paco2 values (39.8 and 40.8 mm Hg, respectively) and body temperatures (37.9 and 37.soC, respec tively). The results (data not shown) corroborate the conclusions drawn from the uncorrected mate rial of Table 2 , and they clearly demonstrate that in the majority of structures visualized by the present autoradiographic technique, nitrous oxide has no significant effect on CBF. 
DISCUSSION
The present experimental model was designed to allow measurements of local CBF in awake animals in the absence of pain, stress, and discomfort and to facilitate administration of nitrous oxide. In pre liminary experiments, we found that infusion of isotope and sampling of arterial blood provoked a reaction in the animals, probably due to pain elic ited from manipulations of the catheters and disten sion of the vein. We were able to abolish this reac tion by infiltrating local anesthetic around the inc i- sions in the tail and by performing the experiments at a time when the effect of the local anesthetic had not worn off. Several facts indicate that stress and discomfort was minimal: the animals remained calm during the measurements, blood pressure and arte rial Pco2 were normal, and no hyperglycemic re sponse was apparent. Furthermore, the reproduci bility of the results indicates that experimental con ditions were stable.
Correlation to Previous Studies
The results presented clearly demonstrate that in unparalyzed animals, 70-80% N20 failed to alter CBF significantly in the majority of structures studied, all cortical and many subcortical struc tures included. Obvious exceptions were limbic structures, the hypothalamus, and two deep gray structures connected with the auditory system. In all these, nitrous oxide reduced CBF. The results, notably those obtained on cerebral cortical struc tures, corroborate one previous study from our own laboratory, in which CBF and CMR02 were mea sured (Carlsson et aI., 1976) , but they are somewhat at variance with the results of another, in which 1-CMRg1u was estimated with autoradiographic tech niques (Ingvar et aI., 1980) . The present results are also at variance with those reported by Gibson and Duffy (198 1) , who found CBF (and CMR02) to be increased by 70% N20 in awake animals. However, in that study the immobilization procedure probably involved a greater degree of stress, as evidenced by Paco2 values below 30 mm Hg. In view of the fact that the present model should closely mimic condi tions in the awake, unstressed animal, and of the consistency of the results obtained, we consider the l-CBF values obtained valid. Experiments on paralyzed, adrenalectomized animals ventilated on either 70% N20 or 70% N2 may not yield adequate information on the true effects of N20. Further more, since there are no a priori reasons to assume that nitrous oxide has similar effects on l-CBF and local metabolic rate, it seems warranted to measure l-CMRg1u under similar experimental conditions.
The present results also differ from those re ported on dogs (Theye and Michenfelder, 1968; Sakabe et aI., 1978; Oshita et aI., 1979) . Since there are no reasons to question the validity of the meth ods used (see Oshita et aI., 1979) , we are left with two possibilities: (a) species differences exist be tween rats and dogs, and (b) nitrous oxide influ-J Cereb Blood Flo\\ ' Metabol. Vol. I. No. 2. 1981 ences CBF and CMR02 in a different way in paralyzed, artificially ventilated animals. The rele vant information is not at hand to distinguish be tween these possibilities. However, there is now sufficient information in one species (the rat) to dis cuss the influence of immobilization and the com bined effect of immobilization and nitrous oxide administration on l-CBF. Figure 3 compares l-CBF values obtained in the present group of unparalyzed animals breathing 70-80% N20 to those measured in paralyzed animals ventilated on an identical gas mixture (Dahlgren et aI., 198 1 the I-CBF values were similar; however, the results suggest that immobilization affects CBF in some structures. Obviously, immobilization reduces CBF in the cerebellum, and in some subcortical gray structures (see values for inferior colliculus, supe rior olive, hippocampus, and septal nuclei). Al though significant differences were not observed, the results nevertheless suggest that immobilization somewhat increases CBF in some cortical struc tures (see especially frontal and parietal cortex). On the whole, though, cerebral cortical blood flow is only moderately influenced by this procedure. For the awake, air-breathing state the present material is in fairly good accord with comparable results obtained by Sakurada et al. (1978) . How ever, in some structures (e.g., the cerebellum, in ferior colliculus, superior olive, and septal nuclei) our J-CBF values are 25-50% higher than those re ported by the former group. Possibly this difference could be due to the partial immobilization by a plaster cast used by Sakurada et al. (1978) . This assumption is supported by the fact that in the structures mentioned, immobilization caused a sig nificant reduction in blood flow, as shown in Fig. 3 .
Effect of Immobilization
It is now possible to evaluate the effect of im mobilization and ventilation on 70% N20 on I-CBF. Figure 4 compares values thus obtained to those recorded in unparalyzed animals breathing air. Ob viously, we then observe the combined effects of nitrous oxide and of the immobilization procedure. Artificial ventilation on 70% N20 appears to in crease CBF in some structures and significantly reduces CBF in others. The first group seems to include all cortical structures except the visual cortex, and the latter group comprises cerebellum, inferior colliculus, superior olive, most limbic struc tures, and the hypothalamus. Except for the rela tively uniform effect on limbic structures, the ef fects of immobilization and nitrous oxide did not seem to follow any consistent pattern. For example, changes in opposite directions were observed in both motor and sensory systems, as well as in groups of structures supposed to subserve a com mon function (see auditory system).
In summary, the present results demonstrate that I-CBF, a variable that is generally assumed to re flect local metabolic rate, is influenced both by ni trous oxide and by the experimental procedures in volved in immobilization and artificial ventilation. As a result, data obtained in awake and anesthe tized animals are not directly comparable. 
